Objective: To compare loss in sensitivity measured using standard automated perimetry (SAP) with local retinal ganglion cell layer (RGC) thickness measured using frequency-domain optical coherence tomography in the macula of patients with glaucoma.
V
ARIOUS STUDIES HAVE FOcused on the relationship between structural and functional damage as a way to improve our ability to detect the presence and progression of glaucomatous damage. Measurement of functional loss typically relies on behavioral tests, such as standard automated perimetry (SAP). Structural loss, on the other hand, can be assessed by examining the retinal ganglion cells (RGCs) and their axons, which constitute most of the retinal nerve fiber layer (RNFL), and the shape of the optic nerve head. Early analyses of structure-function relationships in glaucoma relied on optic disc appearance 1 or on histological cell counts [2] [3] [4] [5] as a measure of structural loss. However, advances in noninvasive techniques, such as optical coherence tomography (OCT), 6, 7 confocal scanning laser ophthalmoscopy, and scanning laser polarimetry, allow for structural measurements in vivo, furthering structure-function analyses. (See other studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] for additional references.) A variety of studies [15] [16] [17] [18] [19] [20] used peripapillary RNFL measurements obtained from time-domain OCT. One limitation of using the RNFL is the inability to conduct precise local measurements comparing structure with corresponding retinal areas of function because for a given region of the retina, the axons in the RNFL are originating from different regions. Second, and more important, the RNFL of the temporal region of the disc is relatively thin, with a high degree of variability, even in healthy individuals 19 and, thus, may not be a good measure of structural damage to the all-important macular region.
A measure of local RGC thickness might mitigate some of these problems and could lead to improved structure vs function relationships, especially in the macular region, where the ganglion cell layer is the thickest and comprises multiple layers of soma. Although studies suggest macular involvement in glaucoma 22, 23 and macular thickness has been studied using timedomain OCT, [24] [25] [26] the newer frequencydomain OCT allows higher-resolution structural imaging, making it easier to identify and measure the layers of the inner retina at the macula. [27] [28] [29] For example, Wang et al 29 found that local thickness of the RGC plus inner plexiform layer (RGCϩIPL) could be obtained from frequency-domain OCT scans using a manual segmentation procedure 30 and that these measures show qualitative agreement with local loss in visual field sensitivity. However, relatively little has been done to compare local sensitivity loss with local RGCϩIPL thinning, although a variety of studies compared global measures of the thickness of the inner retinal regions at the macula. (See the study by Tan et al   31 for additional references.) Although other studies 32, 33 measured inner retinal thickness and field sensitivity, the macula was only coarsely sampled using the 6°ϫ 6°-grid spacing of the 24-2 visual field, and inner retinal thickness was obtained using the combined RNFL and RGCϩIPL. The local RNFL, of course, is not a measure of local RGC loss because it contains fibers passing from other locations.
To compare local RGCϩIPL thickness with local SAP sensitivity in the macula, we segmented RGCϩIPL thickness and compared these measures with visual field loss on the 2°ϫ2°-grid spacing of the 10-2 visual field. In making these comparisons, RGC displacement near the fovea was taken into consideration. [14.7] years) with glaucoma (10 normal-tension, 2 exfoliative, and 2 primary open-angle) were tested using SAP (Humphrey Field Analyzer II, SITA standard with appropriate trial lenses; Carl Zeiss Meditech, Inc, Dublin, California) and frequency-domain OCT (3D-OCT 1000; Topcon Inc, Paramus, New Jersey). All the patients exhibited glaucomatous optic neuropathy based on a clinical fundus examination and had reliable (fixation losses Յ30%, falsepositive and false-negative rates Յ15%) abnormal 24-2 visual fields, defined as an abnormal glaucoma hemifield test (GHT) and an abnormal mean deviation (MD) (PՅ.05) or pattern standard deviation (PSD) (PՅ.05). To be included, patients were required to have a visual acuity of 20/50 or better and refractive error less than 6.00 diopters. Patients with a history of ocular surgery or of other ocular or neurologic diseases that could affect structural or functional measurements were excluded from the study. Written informed consent was obtained from all the participants. Procedures followed the tenets of the Declaration of Helsinki, and the protocol was approved by the institutional review boards of Columbia University and New York Eye and Ear Infirmary, New York. Figure 1A shows a sample scan.
METHODS

PARTICIPANTS
ANALYSIS
For analysis of functional measures, the total deviation (TD) values (in decibels), provided by the 10-2 SAP test, was obtained for each patient. The TD values represent the local loss in sensitivity compared with age-matched controls ( Figure 1E ).
The local structural thickness was determined for the individual B-scans of the cube scan. In particular, for each B-scan, the boundaries of anatomical layers were determined using a previously validated automated segmentation algorithm, 34 which was then hand-corrected using manual segmentation via a custom program as previously described, 29, 30 a technique that has been shown to provide reliable and repeatable results. 35 The hand correction was performed by an experienced operator (A.S.R.) masked to the patient's other data. The results were similar to those obtained by another operator ( J.C.) using a manual segmentation procedure 29 on a subset of the scans. Figure 1A shows the borders segmented and indicates the RGCϩIPL for which we calculated thickness values. Because the boundary between the RGC layer and the IPL can sometimes be hard to determine, we measured the combined RGCϩIPL. For each cube scan, we segmented 128 B-scans. The RGCϩIPL thickness measures were then smoothed in 2 dimensions using an averaging filter.
Comparing RGCϩIPL thickness with local loss in SAP sensitivity, it is important to consider displacement of the RGCs in the macula. 27 The average location of the RGCs associated with each SAP test point was approximated using equations derived from the histological analysis-based work of Drasdo et al. 36 For ease of presentation, all left eyes were flipped across the vertical midline to appear as right eyes, and all structural data were flipped across the horizontal midline for display in "field view." Figure 1C shows the location of the 10-2 visual field SAP test points, and Figure 1D shows the location after adjusting for RGC displacement. All the quantitative analyses were performed using technical computing software (Matlab; MathWorks, Natick, Massachusetts).
MODEL
To assess the relationship of the data, a simple linear model was used based on previous work [17] [18] [19] relating SAP sensitivity , where D is the TD value of SAP sensitivity from age-matched controls in decibels. The variable b was estimated as the median of the RGCϩIPL thickness values at locations where the SAP sensitivity was less than −15 dB as previously described. 18 
RESULTS
The mean RGCϩIPL thickness for the 19 controls is presented in Figure 2A as a 3-dimensional thickness plot and in Figure 2B as a 2-dimensional pseudocolor plot over the 6ϫ6-mm (approximately 20°ϫ20°) central region. Green represents the region of greatest thickness, and black represents the region of lowest thickness. Most of the thicker region lies inside approximately 7.2°on the retina (black circle), which corresponds to 6°for the visual field test stimuli before accounting for ganglion cell displacement. The RGCϩIPL thickness of an individual control is presented in Figure 2C .
For patients with defects, there was a conspicuous qualitative agreement between the visual field defect and the corresponding local RGCϩIPL thickness. For example, a patient with a deep superonasal field defect on the 10-2 visual field ( Figure 2D ) exhibited a corresponding decrease in RGCϩIPL thickness in the inferotemporal retina ( Figure 2E, field view) . Other examples can be seen in Figure 3 .
For a quantitative comparison, local RGCϩIPL thickness (blue box in Figure 4C and blue dotted line in Figure 4B ) was plotted vs relative SAP sensitivity (TD) (red box in Figure 4A and red dotted line in Figure 4B ) as shown in Figure 4B (green square). The plot in Figure 4B shows an orderly relationship between RGCϩIPL thickness and visual field loss, with the RGCϩIPL thickness decreasing rapidly to an asymptotic level with loss of sensitivity. This relationship is clearer after accounting for displacement of the RGCs (Figure 4D-F) . For example, the data point outlined in green in Figure 4B was initially an outlier because a normal sensitivity (0 dB of TD) corresponded to a thin region of the RGCϩIPL, but it corresponded to a thicker region after displacement.
QUANTITATIVE ASSESSMENT OF RELATIONSHIP
By combining the data from all the eccentricities in Figure 4 , we are implicitly assuming that the functional relationship between RGCϩIPL thickness and SAP loss is the same at all retinal locations. To avoid this assumption, the data were divided by groups of SAP test points into concentric rings ( Figure 5A ) ranging from 1.4°to 8.8°in radius for the visual field test points and, after accounting for ganglion cell displacement, corresponding to eccentricities ranging from 3.4°to 9.7°on the retina ( Figure 5B ). Figure 5C shows the data from the eccentricity ring closest to the fovea, which corresponds to 1.4°for the visual field test points, for all 14 patients. Figure 5D illustrates the decreased scatter after adjusting for displacement. Displacement improves the Spearman rank correlation coefficient from 0.53 to 0.74. The horizontal black line marks the asymptotic (residual) value, calculated as the median RGCϩIPL thickness of all data points with SAP TD worse than or equal to −15 dB. The box plot indicates the median, quartiles, and 95% limits of the control data for this eccentricity. Figure 6 presents the data for all 6 rings. For rings within approximately 7.2°on the retina (red, green, and blue), the data show a stronger relationship than do the data outside this region (orange and purple). Although the inner 3 eccentricity rings (red, green, and blue) show a notable decrease in RGCϩIPL thickness to an asymptotic level as the SAP sensitivity decreases, the change with respect to SAP sensitivity (ie, disease state) is less appreciable for the outer 2 rings (orange and purple). The correlations reflect this qualitative impression, with higher values (0.71-0.74) observed within 7.2°and lower values (0.53-0.65) outside this region. The control data also reflect this trend (Figure 6F ), where the median and central 95% decrease with eccentricity and, for the outer 2 rings (orange and purple), overlap considerably with the 95% limits of the residual (dotted horizontal lines).
As a tool to assess the structure vs function relationship, we fitted a simple linear model to the data within 7.2°on the retina. The simple linear model uses the predicted residual (horizontal black line) as the y-intercept and the median of control data as the value for normal (0 dB of TD) sensitivity. The fit was reasonable, although there is a suggestion of a systematic bias where RGCϩIPL thicknesses associated with relatively small visual field losses (eg, −3 to −10 dB) are smaller than predicted by the model. 
COMMENT
At a qualitative level, there is a clear relationship (eg, Figures 2D and E and 3) between regions of visual field scotomas and corresponding regions of RGCϩIPL thinning, which was noted in all the patients studied. A quantitative analysis indicated that the overall relationship was orderly, particularly when the data were segregated by eccentricity ( Figure 6A-E) , with correlations ranging from 0.53 to 0.74. The relationship was improved considerably by accounting for anatomical displacement of the RGCs based on a model by Drasdo et al. 36 The effect of displacement was greatest at the central eccentricity ring, as might be expected given that the largest degree of displacement occurs closest to the fovea. For the most central ring, the correlation improved from 0.53 to 0.74 with displacement ( Figure 5C and D) .
The quantitative relationship observed was considerably weaker outside approximately 7.2°on the retina (approximately 6°on the visual field). This is not surprising given that the RGCϩIPL thickness decreased markedly beyond this region, even in normal eyes. In particular, for eccentricities beyond approximately 7.2°on the retina, a strong relationship is not expected because the RGCϩIPL thickness values at these eccentricities associated with near-normal sensitivities (approximately 0 dB) do not differ markedly from the RGCϩIPL thickness values associated with severe visual loss (Յ−15 dB). This is due to the known thinning of the RGC layer to a single layer of cells as the more peripheral regions of the macula are approached.
Of interest was the observed asymptotic loss across all eccentricities ( Figure 6A-E) , with a median RGCϩIPL thickness residual value associated with severe sensitivity loss of approximately 45 µm. This observed residual is approximately one-half of the initial control median RGCϩIPL thickness for the ring closest to the fovea (3.4°o n the retina), and for the outermost eccentricity considered (8.8°on the retina), the residual comprises greater than 80% of the initial control median RGCϩIPL thickness. Thus, the residual amount is too large (and too uniform) to be explained by a factor such as the inclusion of blood vessels. Although we cannot rule out a thickening due to gliosis or neuronal remodeling, the residual is more likely due to a relative preservation of the IPL because we have recently seen this in patients months after ischemic optic neuropathy. 37 The simple linear model, an extension of a similar model applied to the RNFL, 19 performs reasonably well for the eccentricities within approximately 7.2°. There is a suggestion of a systematic deviation at low visual field sensitivities, suggesting that initial glaucomatous damage might affect RGCϩIPL thickness more than expected from the loss of SAP sensitivity. This deviation, if reliable, may be explained, at least in part, by models that consider spatial summation (eg, cortical pooling) 3, 4 or neuronal remodeling. 38 Regarding the general quantitative agreement, the intraindividual and interindividual variability on both axes 20 limits the ability of one measure to precisely predict the other. However, relatively large RGCϩIPL thicknesses are clearly associated with near-normal sensitivities, and severely abnormal visual field points are strongly associated with small RGCϩIPL thicknesses. As is shown in the qualitative examples ( Figures 2D and E and 3) , in a clinical setting, the RGCϩIPL thickness should be capable of showing normal or abnormal regions that agree spatially with the visual field. The degree to which the RGCϩIPL thickness can stage glaucomatous damage will depend on the ability to reduce interindividual variability. For questions such as progression, observing changes in repeat visits by the same patient, which is not affected by the variability between subjects, may hold more promise. In any case, once visual field damage becomes more severe than approximately −10 dB, the ability of the RGCϩIPL thickness to predict the gradations in visual field loss in the same location is limited.
Finally, note that the study population consisted mostly of patients with normal-tension glaucoma. Although we did not notice any obvious difference in the structurefunction agreement for patients with exfoliative and primary open-angle glaucoma, further work should consider different types of glaucoma more closely. In addition, although we did not observe an age effect in this relatively small sample, a larger study should address this issue as well. A future study should also look more closely at RGCϩIPL thickness in a subpopulation of glaucoma suspects (ie, those with evidence of an optic neuropathy but normal visual field sensitivity).
In conclusion, the patients with glaucoma in this study showed a reasonably strong relationship between loss in SAP sensitivity and decrease in local RGCϩIPL thickness. This relationship is improved after accounting for anatomical displacement of the RGCs. Combining local RGCϩIPL thickness with local SAP field loss may help stage the degree of early glaucomatous damage to the macula. 
